To study the feasibility of a combined high spatial and temporal resolution real-time spiral MRI sequence for guiding coronary-sized vascular interventions.
MAGNETIC RESONANCE IMAGING (MRI) guidance of interventional procedures offers several advantages over x-ray fluoroscopy. MRI is not limited to projection imaging and provides excellent soft-tissue contrast, which allows imaging of the vessel lumen, the vessel wall, and the surrounding tissue. Also, MRI does not involve the use of iodinated contrast material or ionizing radiation. However, MRI has the primary disadvantage of providing lower spatial and temporal resolution (e.g., 0.5-0.7 mm over 14 heartbeats for coronary MRA (1-3)) compared to x-ray fluoroscopy (0.2 mm, 30ϩ frames per second (fps)).
In previous studies, MRI guidance has been applied to a variety of cardiovascular interventions, including diagnostic cardiac catheterization for congenital heart disease (4, 5) , intracardiac device placement (6) , intramyocardial therapy (7, 8) , and coronary and vascular interventions (9 -12) . While these studies demonstrated the feasibility of MRI guidance, the choice of the MRI sequence typically required a compromise between spatial and temporal resolution. High temporal resolution requires low spatial resolution or projection imaging, while high spatial resolution requires long acquisition times to acquire a complete image.
Spiral MRI techniques provide a highly efficient means of acquiring k-space data (2) . As such, spiral MRI has advantages for both spatial and temporal resolution. In this study we implemented a combined high spatial and temporal resolution, real-time spiral MRI sequence and tested the feasibility of MRI guidance for coronary-sized vascular interventions. Specifically, we studied multiple steps of a real-time spiral MRI-guided vascular intervention using coronary-sized devices in the rabbit aorta model at 1.5T.
MATERIALS AND METHODS

MRI Techniques
All imaging studies were performed on a 1.5 T GE Signa scanner (GE Healthcare, Milwaukee, WI, USA) equipped with high-performance gradients (40 mT/m amplitude, 150 mT/m/msec slew rate). The body coil was used for RF transmission and a standard GE single-channel transmit/receive extremity coil was used for signal reception. A real-time interactive workstation (Sun Microsystems, Mountain View, CA, USA) located adjacent to the scanner console was used to run the spiral sequences, perform real-time image reconstruction and display, and store images (3) .
The high-resolution, real-time spiral MRI sequence we developed consisted of an interleaved spiral acquisition (FOV ϭ 20 cm, slice thickness ϭ 5 mm, flip angle ϭ 30°, seven interleaves, TR ϭ 27 msec, TE ϭ 4.6 msec), and achieved an in-plane spatial resolution of 1.1 ϫ 1.1 mm 2 (13) . Full image acquisition required 189 msec (TR ϭ 27 msec per interleaf ϫ 7 interleaves). With a sliding window reconstruction (14) , images could be updated and displayed in real-time with each new interleaf (i.e., 1/7 of the data replaced every 27 msec). This allowed imaging up to 37 fps, and was typically viewed at 16 -20 fps. At 20 fps, images were displayed approximately every 2 TR (or 54 msec), with 2/7 of the data replaced with each image update.
Multislice (non-real-time) spiral MRA was also performed at each stage of the interventional procedure to further confirm device location/placement and procedure outcome (see description of the workflow below). This provided even higher spatial resolution (0.4 ϫ 0.4 mm 2 ) using a sequence designed for coronary MRA (TR ϭ 1000 msec, TE ϭ 4.6 msec, FOV ϭ 16 cm, slice thickness ϭ 3.0 mm, flip angle ϭ 60°, five slices, acquisition time ϭ 40 seconds) (1-3).
Animal Model
We studied eight New Zealand White rabbits (weight 3.0 -3.5 kg): four normal (non-operated) and four with a surgically created stenosis in the abdominal aorta (15) , which is similar in size to the human coronary artery (3-4 mm diameter). The experimental protocol was approved by the administrative panel on laboratory animal care of our institution. Anesthesia was induced by injection of glycopyrrolate (0.02 mg/kg, subcutaneously), medetomidine (350 mg/kg, intramuscularly), and ketamine (40 mg/kg, intramuscularly). The rabbits were intubated and anesthesia was maintained with 3.0% halothane and oxygen. Following a midline abdominal incision, a 3-cm-long segment of the abdominal aorta was exposed. The exposed aortic portion (suprarenal in three, and infrarenal in one) was wrapped tightly with a 5-mm-wide Dacron band and the abdominal incision was closed.
Interventional Procedure and Workflow
In the rabbits with surgically created aortic stenoses, MRI was performed one month after surgery. Since the stenosis was surgically created and resistant to dilation, stent deployment was not tested in these animals. The animals were sedated for the MR study with ketamine (35 mg/kg) and xylazine (5 mg/kg) intramuscularly. A 5 Fr introducer sheath (7.5 cm long; Arrow International Inc., Reading, PA, USA) was inserted via the right femoral artery. Both stainless steel (0.014 inch in diameter; Guidant Corp., Santa Clara, CA, USA) and low-artifact nitinol with hydrophilic coating (0.018 -0.035 inch in diameter; Terumo Corp., Tokyo, Japan) guidewires were tested. After the guidewire was placed in the aorta, a standard coronary angioplasty balloon (20 mm ϫ 4.0 mm; ACS RX COMET, Guidant Corp.) was advanced into the aorta. This angioplasty balloon was selected because it had platinum-iridium markers at the proximal and distal ends of the balloon, which generate minimal MR artifacts. The angioplasty balloon was inflated up to 12 atm and maintained for 20 seconds with a standard balloon inflation device (20 mL, 20 atm; Guidant Corp.) filled with diluted gadopentetate dimeglumine (1:300, 1.6 mg/mL; Magnevist; Berlex Laboratories, Wayne, NJ, USA) to visualize the inflating balloon. In two animals a coronary-sized copper stent (3.5 ϫ 6.0 mm; Pulse Medical Systems, Collegeville, PA, USA) was mounted on the balloon and deployed in the aorta. Copper stents were used because they have been shown to have minimal MR artifacts (16) . All animals were euthanized after the entire interventional procedure was completed and examined for evidence of complications in the aorta, such as vessel rupture or occlusion.
To perform the MRI-guided interventions, one operator ran the real-time workstation adjacent to the console from outside the scan room, while another performed the interventional procedures in the scan room, coordinated by visual and verbal communication. The workflow was as follows: 1) the real-time spiral MRI sequence (RT) was run first to localize the abdominal aorta and stenosis, 2) a baseline multislice (non-realtime) spiral MRA acquisition (MRA) of the aorta and stenosis was performed, 3) RT was performed during the active intervention (i.e., device advancement, balloon inflation, stent deployment, etc.), 4) MRA was performed to further confirm device position/deployment, and 5) both RT and MRA were performed postprocedure to image the results and detect any procedural complications (e.g., vessel rupture, occlusion).
RESULTS
The real-time spiral MRI sequence allowed successful imaging of the entire abdominal aorta and important landmarks (renal arteries and iliac arteries) in all of the rabbits. In the diseased rabbits, all aortic stenoses and nearby landmarks of the renal arteries were visualized using real-time spiral MRI.
Standard stainless steel guidewires generated large artifacts, which were substantially greater than the size of the abdominal aorta. Nitinol guidewires caused much smaller artifacts, and allowed passive visualization of the guidewire (including the tip) as well as the vessel anatomy. Real-time spiral MRI was able to guide the passage of nitinol guidewires in the aorta, including successful passing across all the stenoses. The most instructive case involved a tight stenosis that did not allow passage of a 0.035-inch guidewire (Fig. 1) . Realtime spiral MRI provided rapid image feedback that the vessel was being torqued on one attempt (Fig. 1b) and that the tip looped back down the aorta (Fig. 1c) on another attempt. The wire was changed to 0.018 inch, which crossed successfully.
Next, the angioplasty balloon was placed using realtime spiral MRI guidance (as shown in Fig. 2) . The platinum-iridium markers in the balloon allowed visualization of the balloon straddling the stenoses. The entire length of the gadolinium-filled balloon during inflation was imaged under real-time spiral MRI. Multislice spiral MRA performed pre-and post-dilatation revealed no complications (e.g., rupture of the aorta), which was confirmed by postmortem evaluation. Since the stenosis was surgically sutured, we did not expect (nor detect) any significant change in the degree of stenosis.
Finally, real-time spiral MRI successfully imaged stent deployment (Fig. 2) . With the minimal artifact of the copper stent, the platinum-iridium markers of the balloon again allowed visualization of device position within the aorta (Fig. 2a) . Furthermore, the gadoliniumfilled balloon within the stent was clearly visualized by real-time spiral MRI during the entire balloon inflation (Fig. 2b) . Post-stent multislice spiral MRA showed successful deployment without complications (Fig 2b inset) , which was also confirmed postmortem.
DISCUSSION
In this study, we have demonstrated the feasibility of a combined high spatial and temporal resolution, realtime spiral MRI sequence to guide multiple steps of a vascular intervention using coronary-sized devices in a rabbit model. Our real-time spiral MRI sequence had adequate spatial resolution to image these small vessels and devices while it also provided rapid image feedback of device manipulation and effect.
For MRI-guided cardiovascular interventions, especially coronary interventions, it would be ideal to combine the high spatial and temporal resolution of x-ray with the tissue imaging capabilities of MRI. It is challenging to visualize small devices, as well as small and rapidly moving coronary arteries, by MRI. Nonetheless, many successful studies of MR-guided vascular interventions have been performed. One approach is to acquire high-resolution, non-real-time "roadmap" images and then use real-time projection imaging of active devices to overlay on the roadmap (17) . Alternatively, studies have used lower spatial resolution, real-time MRI applied to larger vessels, such as the pulmonary artery (18) , abdominal aorta (19, 20) , iliac (11, 21) , and renal artery (22, 23) in pigs. A recent study also used real-time spiral MRI for larger pig abdominal aortae (20 -30 mm diameter) (20) , albeit with more limited temporal (309 msec, 10 fps) and spatial resolution (1.3 mm). Alternative promising approaches include real- time radial MRI (11) and real-time steady-state free precession (SSFP) (10) . While radial MRI can achieve high spatial resolution (1.2 ϫ 1.2 mm 2 ) with high frame rates (e.g., 20 fps using sliding-window reconstruction), the full image acquisition duration is over three seconds since over 300 radials are needed per image. Thus, at 20 fps and a TR of 12 msec, each new frame contains only four to five new radials or Ͻ2% new data. Our spiral real-time MRI sequence is approximately 19-fold faster (full image acquisition duration of 189 msec), which results in Ͼ25% new data when reconstructed at 20 fps. Real-time radial SSFP (10) has SNR advantages and can acquire a full image in 200 msec, similarly to our method, but with a significant reduction (more than twofold) in spatial resolution (2.3 mm vs. 1.1 mm).
Since the primary focus of this study was to evaluate the high spatial/temporal resolution real-time spiral MRI sequence, we used passive tracking of primarily off-the-shelf coronary devices. Device visualization may be further enhanced by using active catheter coils (17) . Importantly, our ability to track the devices passively in real time was aided by our ability to rapidly follow the motion of the devices in combination with high spatial resolution to see the guidewire tip and angioplasty balloon markers.
A significant limitation is that we studied the rabbit aorta as a model for a coronary-sized vessel rather than a coronary artery. Furthermore, we used a rigid, nonatherosclerotic model of vascular stenosis, which limits assessment of therapeutic interventions. Clearly, these spiral real-time sequences must be tested in more human-like coronary stenoses in large animals (e.g., pig) before translation to humans is considered. A further improvement would be to place the workstation control/display in the scan room. Finally, although we did not see any gross pathologic evidence of vessel damage, a more detailed assessment of device heating and safety would also be required prior to human use.
In conclusion, we have demonstrated success using a combined high spatial and temporal resolution, realtime spiral MRI sequence for real-time MRI guidance of coronary-sized vascular interventions. This is a promising approach for combining the spatial/temporal resolution needed for device guidance with the tissue imaging capabilities of MRI to improve cardiovascular interventional procedures.
